The genetic alterations present in PanINs have been extensively studied. PanINs have been examined for loss of heterozygosity at a number of loci and for alterations in several genes such as p16, p53, DPC4,. These genetic studies, along with histologic observations, support a progression model for pancreatic neoplasia in which increasing histologic grades of PanIN are associated with the accumulation of genetic alterations in cancer-associated genes ( Fig. 1) (11) .
Well-defined noninvasive lesions are often found in association with infiltrating pancreatic ductal adenocarcinoma. These lesions, together known as pancreatic intraepithelial neoplasia (PanIN), have been recently classified at a National Cancer Institute-sponsored Pancreas Cancer Think Tank (1) . PanINs are thought to progress from flat and papillary lesions without dysplasia, to papillary lesions with dysplasia, to lesions showing carcinoma in situ (PanIN-1A to PanIN1-B to PanIN-2 to PanIN-3). Table 1 and Figure 1 provide descriptions of these grades of PanIN. (A more thorough discussion of PanINs can be found at www.pathology.jhu.edu/pancreas_panin).
The genetic alterations present in PanINs have been extensively studied. PanINs have been examined for loss of heterozygosity at a number of loci and for alterations in several genes such as K-ras, p16, p53, DPC4, and BRCA2 (2) (3) (4) (5) (6) (7) (8) (9) (10) . These genetic studies, along with histologic observations, support a progression model for pancreatic neoplasia in which increasing histologic grades of PanIN are associated with the accumulation of genetic alterations in cancer-associated genes ( Fig. 1) (11) .
The validity of this model is now under study. One way to test this model's applicability is to study the proliferation rate of the epithelial cells in the successive grades of PanIN. We would anticipate that, as is true in other organs, the proliferation rate should correlate with increasing grades of dysplasia.
Proliferation rate can be determined by labeling a large number of PanINs with an antibody against Ki-67. Ki-67 is a nuclear protein that correlates with cellular proliferation (12) . Many studies have investigated the relationship of Ki-67 labeling with prognosis in a variety of different types of neoplasia. Although Ki-67 expression has been studied in some pancreatic lesions (13) , it has not been evaluated using the currently accepted nomenclature and diagnostic criteria. Therefore, we examined the expression of Ki-67 in a large panel of PanINs. We demonstrate that the Ki-67 index directly parallels the morphologic findings in PanINs, providing additional evidence for the pancreatic progression model.
MATERIALS AND METHODS

Specimen Selection
Pancreaticoduodenectomy specimens from 41 patients were studied. Thirty-nine resections were performed for infiltrating carcinoma, and 2 resections were performed for chronic pancreatitis.
Identification of Duct Lesions
Multiple hematoxylin and eosin-stained slides of pancreatic tissue from each of the cases were screened by light microscopy for PanINs simultaneously by two of the coauthors (WMK, REW). Each PanIN was graded according to criteria established at the National Cancer Institute-sponsored Pancreas Cancer Think Tank (September, 1999, Park City, UT; 1). Briefly, PanINs-1A and -1B respectively showed flat or papillary mucinous epithelium without dysplasia, whereas PanINs-2 had flat or papillary mucinous epithelium with mild-to-moderate dysplasia (mild-to-moderate nuclear irregularity, hyperchromasia, and loss of polarity). PanINs-3 contained severe dysplasia (marked nuclear irregularity, hyperchromasia, and loss of polarity) and were often associated with cribriforming structures and/or intraluminal blebbing. (See Fig. 1 , Table 1 , and www.pathology.jhu.edu/pancreas_panin).
Agreement between the observers with respect to grading of the PanIN lesions was highly robust, with disagreement noted in only a minority of cases (5/76, 6.6%). The disagreement between the two observers was never more than one grade of PanIN (e.g., PanIN-1B versus PanIN-2). This disagreement was resolved after discussion at the microscope.
The slides were derived from a total of 58 separate blocks. Unstained 5-m sections containing the PanINs were then cut from these paraffin blocks for subsequent immunohistochemical analysis.
Immunohistochemistry
Unstained sections were treated with a monoclonal antibody against Ki-67 at a dilution of 1:100 (Mib-1, mouse monoclonal, Immunotech, Westbrook, ME). Antigen retrieval was performed for 5 minutes in 0.01 M sodium citrate buffer. An avidin-biotin-peroxidase kit (Vectastain Elite, Burlingame, CA) was employed, and 3'3'-diaminobenzidine (3,3'-diaminobenzidine) was used to develop the immunostain. Sections without the primary antibody were used as negative controls. All sections were counterstained with hematoxylin and mounted.
Labeling Index and Statistical Analysis
Assessment of ductal cells labeled with Ki-67 was done by light microscopy under a 40ϫ objective by one of the coauthors (WMK). Cells were generally uniformly distributed within each neoplastic lesion. For each PanIN, randomly selected high-power fields were studied until either the entire duct was analyzed or a minimum of 500 cells was counted. Cells with a visible, granular nuclear reaction that was brownish in color were regarded as positively labeled. The cells within germinal centers of adjacent lymph nodes served as internal positive controls. For each PanIN, the labeling index (positive cells/total cells ϫ 100) was determined.
Differences in Ki-67 labeling among normal ducts, PanIN-1A, PanIN-1B, PanIN-2, PanIN-3, and infiltrating adenocarcinoma were assessed using the KruskalWallis test. Bonferroni-corrected Mann-Whitney tests were used to make all pairwise comparisons among the six groups. The Type I error rate was kept below the nominal 5% level.
RESULTS
Normal Ducts and Associated Infiltrating Adenocarcinoma
Seventy-six PanINs, 15 normal pancreatic ducts, and 15 associated infiltrating ductal adenocarcinomas were examined from the 41 pancreata included in this study. Of the 41 pancreata, 33 had been removed for conventional pancreatic ductal adenocarcinoma, 5 for cholangiocarcinoma, 1 for metastatic renal cell carcinoma, and 2 for chronic pancreatitis.
The 15 normal ducts had a labeling index of 0.41%. In contrast, the 15 cases with infiltrating adenocarcinoma had an average labeling index of 36.99%. These two values served as reference points for comparing the Ki-67 staining indices in PanINs. Figure 2 shows the high labeling index of an infiltrating adenocarcinoma, compared with that in an adjacent normal duct/PanIN-1A.
PanINs
Twenty PanINs-1A, 20 PanINs-1B, 18 PanINs-2, and 18 PanINs-3 were identified within the 41 pancreata. In PanIN-1A, very few ductal epithelial cells labeled (labeling index of 0.69%). The PanINs-1B had a slightly higher labeling index of 2.33%. In contrast, the labeling indices within PanINs-2 and -3 were markedly increased (14.08% and 22.01%, respectively). Figure 3 demonstrates the increasing degree of immunolabeling observed in four representative PanINs. This increase in immunolabeling along the successive stages of PanIN was statistically significant (P Ͻ .0005, Kruskal-Wallis test). Figure 4 presents a graphical comparison of the labeling indices among normal ducts, PanINs, and infiltrating adenocarcinomas.
Quantitative Analysis
The descriptive statistics for the Ki-67 labeling indices are provided in Table 1 . In summary, a Kruskal-Wallis test indicated that there were statistically significant differences (P Ͻ .0005) among the six groups. More specifically, this analysis also showed that there were no significant differences in the Ki-67-labeling indices between the normal duct (Nl) and PanIN-1A groups. The labeling of the Nl and PanIN-1A groups was significantly lower than the labeling indices of the PanIN-1B, PanIN-2, PanIN-3, and infiltrating adenocarcinoma groups. In addition, the labeling index of the PanIN-1B group was significantly lower than those of the PanIN-2, PanIN-3, and infiltrating adenocarcinoma groups. There were no significant differences in the labeling indices between the PanIN-2 and PanIN-3 groups. Nevertheless, PanIN-2 and PanIN-3 had labeling indices that were significantly lower than that of the infiltrating adenocarcinoma group (Table 1) .
DISCUSSION
The proliferation rates in malignant tumors and their precursor lesions have been studied for several decades. Ki-67 labeling has gradually supplanted other techniques previously used to evalu- ate proliferation rates in neoplasias. Indeed, Ki-67 expression correlates with other parameters of cell proliferation, such as thymidine labeling index, S-phase fraction, and mitotic count (14) .
The Ki-67 monoclonal antibody detects a nonhistone protein of unknown function that is present in all phases of the cell cycle, except G0 and very early G1. Although the original Ki-67 antibody was reactive only in frozen sections, a newer antibody to an epitope of Ki-67 (Mib-1) is active in formalin-fixed, paraffin-embedded tissues. It has therefore been used extensively to evaluate malignancies in many different organ sites (15) (16) (17) (18) (19) (20) (21) (22) .
Ki-67 labeling with Mib-1 has been used to study not only invasive lesions but also the precursors to these invasive lesions. For example, several studies have analyzed the proliferative activity of squamous intraepithelial lesions in the cervix and head and neck (15) (16) (17) (18) . The precursors to infiltrating adenocarcinomas have likewise been explored (19 -22) . In general, proliferation has been directly proportional to the degree of dysplasia, in other words, the grade of the precursor intraepithelial lesion. For instance, carcinomas in situ have a higher labeling index than lesions with only mild dysplasia.
Although Ki-67 labeling has been used to study neoplastic progression in many organ systems, it has not been used extensively within the pancreas. One neoplasm that has been studied within the pancreas is the intraductal papillary mucinous neoplasm (IPMN), which can give rise to infiltrating adenocarcinoma (23) . However, most infiltrating duct adenocarcinomas of the pancreas do not derive from IPMNs. Indeed, a growing body of evidence suggests that most pancreatic ductal adenocarcinomas arise from microscopic precursor lesions called PanINs. These PanINs can progress from flat duct lesion (PanIN-1A), to papillary duct lesion without dysplasia (PanIN-1B), to papillary duct lesion with dysplasia (PanIN-2), to carcinoma in situ (PanIN-3) , and finally to infiltrating ductal adenocarcinoma (Fig. 1) .
This model is based on three lines of evidencemorphological, clinical, and genetic (24) . Morphologically, pancreatic duct lesions have been shown to be three times more common in pancreata from patients with infiltrating carcinoma than they are in pancreata from patients without carcinoma (25, 26) . Moreover, three-dimensional mapping techniques have demonstrated a stepwise progression from mild dysplasia to severe dysplasia in duct lesions (27) . Clinically, several reports have established the temporal progression of pancreatic duct lesions to infiltrating adenocarcinoma (28, 29) .
Perhaps the strongest evidence for the recently proposed model of pancreatic cancer progression, however, is genetic. Pancreatic intraepithelial neoplasias (PanINs) contain many of the same genetic changes that are seen in infiltrating pancreatic adenocarcinoma. For example, alterations in the K-ras, p16, BRCA2, p53, and DPC4 genes have been detected in PanINs (2) (3) (4) (5) (6) (7) (8) (9) (10) . Not surprisingly, the prevalence of many of these alterations increases with the increasing grade of the PanIN.
The recent acceptance of an international nomenclature and diagnostic criteria for precursor lesions in the pancreas provides the opportunity to study proliferation rates in the various lesions in this new grading system. We therefore examined the expression of the Ki-67 protein in a spectrum of PanINs to seek additional evidence for the recently proposed model of pancreatic cancer progression. Ki-67 immunolabeling was carefully correlated with histology using the recently adopted PanIN nomenclature and grading scheme (1) . Although a previous study examined proliferative activity within pancreatic precursor lesions, it did not use the newly adopted PanIN nomenclature (13) . The goal of this study was to determine whether the Ki-67-labeling rate paralleled an increasing grade of dysplasia in this newly adopted model in order to provide evidence for or against the new model.
Our study examined PanINs in 33 patients with infiltrating pancreatic ductal adenocarcinoma, 5 with infiltrating cholangiocarcinoma, 1 with a metastatic renal cell carcinoma, and 2 with chronic pancreatitis. Similar to precursor lesions in other organ systems, PanINs showed a statistically significant increase in proliferative rate in parallel with increasing stages of dysplasia (Fig. 4) . The lack of a significant difference in the Ki-67-labeling index between PanIN-2 and PanIN-3 may represent the limited statistical power of this study. More cases will be necessary to determine whether the difference in labeling between PanIN-2 and PanIN-3 is real.
These data support the new model and nomenclature for precursor lesions in the pancreas. As new molecular findings emerge, the classification of PanIN will serve as a framework for the interpretation of these findings. Furthermore, it will be of interest to determine whether any of the identified genetic alterations can account for the increasing proliferation rates identified in this study (30) . In addition, it is possible that Ki-67 labeling indices may serve as an alternate or back-up grading system for PanINs, that Ki-67 labeling may be a reliable marker for the biologic risk of a lesion, and that Ki-67 labeling may be an accurate way to assess high-risk precursor lesions shed into pancreatic secretions. Additional genetic, clinical, and immunohistochemical data, including those in reactive ducts and ducts with squamous metaplasia, will be needed to explore these areas. These data will lead to a better understanding of the pancreatic progression model. This in turn may result in new diagnostic modalities to help identify patients at risk for the nearly universally fatal disease of pancreatic cancer.
